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Available online 1 April 2015AbstractMetals are favorable candidates for flexible transparent electrodes because they have high electrical conductivity and good ductility.
Theoretically, ultrathin metal films can present low sheet resistance and high transmittance simultaneously. However, due to Ostwald ripening
many metal films (e.g., Ag) tend to form in island growth mode, leading to isolated metal islands and non-conducting feature until the films
become relatively opaque. Here we present a new vacuum deposition method that can effectively suppress the Ostwald ripening in metal films,
which become conducting at a thickness much smaller than the percolation threshold. The conducting and transparent metal films are smooth
and scratch-resistant, and are stretchable by forming distributed ruptures upon stretching. This work presents a new and versatile strategy to
fabricate scratch-resistant flexible transparent electrodes.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Flexible transparent electrodes (FTEs) are showing great
potentials in a number of optical and electronic applications
such as flexible solar cells, foldable photoelectronics and
muscle-like transducers [1e5]. Among all existing candidates,
metal materials present advantages over others in several as-
pects. Metals exhibit high electrical conductivity and good
mechanical properties such as ductility. By contrast, other
materials have much lower electrical conductivity [2,6e10],
and some materials like oxides are usually brittle [6,11].
Generally, it is believed that the performance of the FTEs
depends substantially not only on material choice, but also on
the structures. Recently, numerous successful work on FTEs
based on metal nanostructures, such as Ag or Cu metal* Corresponding author.
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showing good stretchability, high transparency and electrical
conductance [12e15].
Despite their very good performance, metal nanostructures
present a number of disadvantages as well. One common
concern is that the surfaces of these nanostructured materials
are not smooth, which is unfavorable for device fabrications
due to limited compatibility with thin film technology [6,15].
Another problem lies in the fabrication method. Typically,
fabricating metal nanostructures requires patterning or
complicated synthesis procedures, which leads to higher cost
and difficulties to produce such electrodes in large quantities
[12,13,15,16]. Usage of solutions (solution process of nano-
wires, etching templates, etc.) would also increase the chance
of contamination during fabrication process.
An alternative is to employ the physical deposition tech-
niques to make ultrathin metal films. A smooth thin film is
desired for device fabrication. Metal deposition techniques,
such as vacuum evaporation and sputtering, have been weller B.V. This is an open access article under the CC BY-NC-ND license (http://
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inates the risk of contamination.
A main challenge in depositing ultrathin and smooth metal
films using deposition techniques comes from the Ostwald
ripening. For high transparency purpose, films are preferred to
be as thin as possible. However, during initial deposition, the
metal grains tend to form isolated islands on the substrate
[17,18]. This phenomenon is caused by the mass transfer of
metal vapor from small grains to larger ones driven by the
different saturated vapor pressures between islands with
different sizes [18]. Typically, grains with a smaller radius
have a higher saturated vapor pressure, and as a result, smaller
grains become even smaller and finally disappear, while larger
grains grow larger. [19]. This tendency of island growth
instead of forming a continuous and flat layer of small grains
greatly limits the electrical conductivity of metal film at small
thicknesses. In order to be electrically conductive, a critical
thickness (percolation threshold) is required [20], which in
turn limits the transparency. Thus, an approach to overcome
the Ostwald ripening is needed in order to solve this dilemma.
In this work we present a new simple approach to fabricate
ultrathin and smooth Ag films. It is based on a simple multi-
layer deposition, for which each layer is passivated. This
method is highly effective in suppressing the ripening effect
[18]. A schematic drawing of the fabrication procedure is
shown in Fig. 1. After each deposition, a minor oxidation to
form a thin oxide coating is introduced, which stops the sub-
limation of smaller grains and further growth of the larger
grains and thus effectively suppresses the subsequent grainFig. 1. Schematic sketch of metal film deposition. Left side illustrates conventiona
performing surface oxidization during deposition intervals.coarsening. In this way, the grain size in each layer is kept at a
very small level, forming a relatively smooth conducting film
at a much smaller thickness. The oxide coating, which is only
a few atomic layers thick, will not negatively affect the
transparency and conductance of the Ag film. In this work, we
also demonstrate the high microstructural quality, good
stretchability, electrical conductivity, optical transparency and
scratch resistance of the as-prepared Ag films. This method
can be applied to not only Ag, but also many other metals such
as Cu, Al, etc. In addition, we further improve the trans-
parency of the metal films by applying an conducting trans-
parent polymer. Therefore, we offer a general strategy to
prepare stretchable, conducting and transparent metal films.
2. Material preparation and methods
Ultrathin Ag films of several nanometers were deposited on
glass, silicon, and polydimethylsiloxane (PDMS) substrates or
tapes, and on ultrathin carbon film on copper grids for TEM
observations, using magnetron sputtering at room temperature.
The deposition procedure consisted of three steps: (1) metal
deposition in vacuum sputtering system, (2) exposure of
deposited metal films to air or oxygen gas for 30e60 s to form
a thin oxide coating on metal layer, and (3) repetition of this
cycle till reaching the desired thickness.
Morphology of the as-prepared films was observed by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Optical transmittance was measured
by using a Hitachi 2100U Spectrometer. Sheet resistance wasl deposition, and right side illustrates our new multi-layer deposition strategy,
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periments were conducted with a home-made setup, while the
resistance was measured by using a two-probe method.
The thickness of all samples was estimated by assuming
constant deposition rate during sputtering. The total thickness
of samples is D ¼ n$d, where n is the number of layers/
deposition, and d is the thickness of each layer/deposition:
around 1.7 nm, 2.2 nm and 2.8 nm when the source power of
Ag target was held at 30 w, 40 w and 50 w, respectively.
In order to study the scratch resistance, we used a plastic tip
(a standard 1 mL pipette tip) to scratch a Ag film (~8 nm)
deposited on a tape for a number of times and observed the
changing of sheet resistance.Fig. 2. (aec) SEM images of Ag films deposited on silicon substrates in one time
layers). (d) SEM image of Ag film deposited on silicon substrate in one time (7 nm)
nm  2 layers), three times (2.8 nm  3 layers), four times (2.8 nm  4 layers).3. Results and discussion3.1. Surface morphologyFig. 2(aec) show the SEM images of samples deposited on
silicon substrates with n ¼ 1, 2, 3, respectively, and
d ¼ 2.8 nm. An SEM image of the sample deposited on silicon
and glass substrate with thickness D ~7 nm is shown in
Fig. 2(d) and (h). Clearly, the surface of Fig. 2(d) and (h) are
rough and porous composed of a number of large and coarse
grains (~50 nm in diameter). In contrast, the images in
Fig. 2(aec) are apparently different. They show a relatively
continuous and smooth surface with much smaller grain size.(2.8 nm  1 layer), two times (2.8 nm  2 layers), three times (2.8 nm  3
. (eeg) SEM images of Ag films deposited on glass substrates in two times (2.8
(h) SEM image of Ag film deposited on glass substrate in one time (7 nm).
55Y. Liu et al. / Journal of Materiomics 1 (2015) 52e59Fig. 2(eeg) show the SEM images of the Ag films deposited
on glass substrates with n ¼ 2, 3 and 4, respectively. All the
images show similar surface morphology and grain size
(~20 nm), indicating that the inhomogeneous grain growth
caused by Ostwald ripening during deposition process was
successfully suppressed by the slight oxidation between two
sequential depositions. As a result, the film is continuous even
at a small thickness, and the grain size keeps unchanged no
matter how many layers are deposited. This is further proved
with the electrical conductivity data in section 3.2.
Transmission electron microscopy (TEM) images in Fig. 3
also show the drastically different surface morphologies of
8 nm thick Ag films deposited with n ¼ 1, d ¼ 8 nm, and
n ¼ 4, d ¼ 2 nm. The isolated islands of the 1 layered Ag film
can be clearly seen from Fig. 3(a), while for the same total
thickness, the 4 layered Ag film shows a continuous surface
morphology as well as finer grains, shown in Fig. 3(b) and the
corresponding high resolution TEM image is shown in
Fig. 3(c). No apparent grain boundaries are observed, which
implies that the oxide coating on the grains is very thin, and
therefore will not significantly affect the electrical perfor-
mance of the Ag films (to be further discussed in section 3.2).
Fig. 3(d) presents the electron diffraction patterns of the Ag
film in Fig. 3(c), indicating the face-centered cubic crystal
structure of Ag. No presence of other phases can be seen from
the diffraction patterns, which might be due to the extremely
small thickness (<0.5 nm) and amorphous nature of the
coating. Although too thin to be detected by TEM, an atomic
layer thick oxide coating is sufficiently enough to obstruct the
condition of homoepitaxy for metal grain growth caused byFig. 3. (a) TEM image of Ag film deposited in one time (8 nm  1 layer). (b) TEM
Ag film deposited in four times (2 nm  4 layers).ripening. Thus, a continuous film consisting of small grains
shown in Figs. 2 and 3 is achieved.3.2. Sheet resistance and optical transmittanceFig. 4 shows the optical transmittance spectra and the sheet
resistances of Ag films deposited on glass substrates, with
d ¼ 1.7 nm, 2.2 nm and 2.8 nm and n ¼ 1, 2, 3, respectively.
For each thickness, the sheet resistance Rsh is also presented in
the spectrum. It can be seen that Ag films with larger
d (sputtered with higher source powers) show better electrical
performance. For instance, an Ag film with d ¼ 2.8 nm be-
comes already weakly conducting, while the Ag film with two
layers of d ¼ 2.2 nm has a sheet resistance of 190 U/sq. The
electrical performance is not significantly impaired by the
oxide coating because the coating is very thin and the elec-
trons are able to tunnel through the grain boundaries.
All the films are transparent, and the optical transmittance
varies with thickness, which is consistent with the different
grain densities shown in Fig. 2. Ag films with d ¼ 1.7 nm, for
instance, the optical transmittance is as high as 91.8% at
330 nm for 3 layered Ag film and 89.5% at 330 nm for 4
layered Ag film. Such a high transmittance may allow for
applications in ultraviolet sensors. Optical transmittance
gradually decreases with increasing wavelength, but still
maintains above 40%. The transparency can be further
improved by applying appropriate transparent conducting
polymer as anti-reflection coating, such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS). Simulation results presented in Fig. 4(d) showimage, (c) high resolution TEM image, and (d) electron diffraction patterns of
Fig. 4. (aec) Optical transmittance spectra and sheet resistance of multi-layer Ag films with different thickness. (d) Simulation of optical transmittance spectra of
Ag film (D ¼ 10 nm) with PEFOT:PSS coating (D ¼ 40e60 nm) on 1-mm-thick glass substrate.
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tical transmittance by more than 10% with respect to the
original values.
To illustrate the superiority of our Ag films, a performance
comparison of our multi-layer Ag films with Al-doped Ag
films [21] is shown in Fig. 5. With the same thickness, our Ag
films with d ¼ 2.8 nm outperform the Al-doped Ag films. The
significant improvement of electrical performance is also in
consistent with the improved continuity shown in Fig. 2,
which is the result of the effective suppression of Ostwald
ripening. Compared with doping which only specificallyFig. 5. Comparison of performances between our multi-layer Ag films and Al-
doped Ag films [21].works for one material, our method is relatively versatile and
is suitable for many metals and alloys.3.3. StretchabilityThe as-prepared Ag films show good stretchability, cycla-
bility and recoverability. Here in Fig. 6 we present the results
of stretchability of a film with d ¼ 2.2 nm and n ¼ 4, deposited
on a PDMS substrate with 30% pre-strain.
Fig. 6 shows Rs/R0 and Rr/R0 as a function of tensile strain
and number of stretches. R0 is the original resistance of the Ag
film before applying strains, and Rs and Rr denote the resis-
tance measured under strain and after releasing of strain,
respectively. Under tensile strain, R would increase because
the stretching will cause damage to the film. After the strain is
slowly released, R would decrease and approach the original
value R0 due to the recovery effect. At a certain critical point,
the sheet resistance will rise rapidly when the damage over-
rides the recovery.
The Ag film shows impressive stretchability. In order to get
a larger stretchability, the Ag film is applied with a 30% pre-
strain. As shown in Fig. 6(a), there is no significant increase in
resistance till reaching the critical strain above 50%. The slow
increase implies that the film still holds global continuity
despite ruptures. The Ag film also features excellent recovery,
being able to recover completely from strain up to 50%, and an
increase of only 88% in sheet resistance upon recovery from
80% strain.
Under cyclic stretching, the Ag film shows impressive
stretchability and recovery as well. Shown in Fig. 6(b), under
cyclic stretching to 30% both ratios Rs/R0 and Rr/R0 keep
Fig. 6. Rs/R0 and Rr/R0 (a) as a function of tensile strain, and (b) as a function
of stretching cycles after releasing from 30% strain. The Ag film is 2.2 nm  4
layers thick deposited on PDMS substrate with 30% pre-strain.
Fig. 7. SEM images of distributed ruptures in Ag film on a tape under (a) small
strain (b) increased strain. The arrows indicate the strain directions.
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Rs/R0 decreases rapidly from 1.56 to 1.33 measured under
strain, and from 1.17 to 1 measured after releasing of strain.
Note here that all measurements were performed instantly
after releasing the strain, implying a fast recovery.
To have further insight into how stretching affects the film,
SEM images of the film morphology under different amounts
of strain are shown in Fig. 7. At first only small ruptures form,
which do not affect the sheet resistance much. When the strain
is further increased, the cracks become larger and de-
laminations start to form to release the local compressive
strains generated by the elongation of the Ag film along the
stretching direction.
It has been discovered that in this kind of distributed
rupture, the long and closely packed slits contribute greatly to
the stretchability of the film [12]. Here the substrate plays an
important role. It stabilizes slits from growing larger and
promotes ruptures growing elsewhere, resulting in an even
distribution of ruptures, as can be seen from Fig. 7(b). Instead
of forming a long wide crack, relatively small ruptures appear
oriented but randomly distributed over the film. The elasticityof tape or PDMS also restricts the magnitude of the out-of-
plane deformation, which is elastic and can contribute to the
recovery of the film. The decrease in sheet resistance shown in
Fig. 6(b) implies that cyclic stretching benefits the recovery of
the film. It helps redistributing the local displacements to make
stress even in the film. The repeated stretching and com-
pressing may cause welding within film layer and ruptures,
leading to a better recovery [22], which is why a decrease in
sheet resistance is observed in Fig. 6(b). However, larger
strains will inevitably cause certain sites of stress concentra-
tion in the film, and these sites will eventually fail and per-
manent damage takes place. This results in the fast increase of
resistance after certain critical strain.3.4. Scratch resistanceThe Ag film also features a good scratch resistance. It is
important for FTEs to be durable enough to sustain possible
damage that exists during fabrication and usage to maintain a
good working condition. Fig. 8(a) shows the sheet resistance
dependence of the number of scratches N. The scratching
strength of a pointed plastic tip on the Ag film is fairly intense
Fig. 8. (a) Sheet resistance of Ag film as a function of number of scratches N.
The inset shows an image of scratching the Ag film on a tape with a plastic tip.
(b) SEM image of local rupture of Ag film caused by scratching.
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scratched area. Nevertheless, after scratches up to N ¼ 10, the
sheet resistance barely increases. Even for N ¼ 100, the sheet
resistance rises only from 12.5 U/sq to 43.6 U/sq, which is still
fairly conducting.
To have a better understanding about the scratch resistance,
the surface morphology of the scratched Ag film is studied by
SEM, which is shown in Fig. 8(b). When subjected to
scratching, the Ag film shows good plasticity. Instead of
peeling off completely and forming large scale fractures, the
scratched area partially slips and wrinkles, releasing the local
stresses. In this way, the plastic deformations minimize the
damages caused by scratching and retain global continuity of
the Ag film, resulting in the slow increase of the sheet
resistance.
4. Conclusion
In conclusion, we have found a simple strategy to fabricate
flexible, transparent, and conducting Ag films by using multi-
layer sputtering and passivation to avoid grain growth.Through the formation of a thin oxide coating on each grain,
the Ostwald ripening is sufficiently suppressed, a continuous
and homogeneous grain growth is promoted. Electrical con-
ductivity of Ag films is greatly improved due to the smooth
and continuous morphology and the electrical percolation
threshold is reduced to less than 5 nm. The good stretchability
and fast recovery are the results of distributed ruptures under
tensile strains. The good plasticity of the film improves the
resistance to scratching.
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